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Summary  
 
 
This project involved designing and building a radiochromic film (RCF) 
densitometer using a still digital camera as the light detector and light emitting 
diode, LED, as the light source. The behaviour of the LED and charged 
coupled device (CCD) in the still digital camera, under different light exposure 
settings (by changing LED current and camera shutter speed) were measured 
and an optimal setting was determined. Additionally, methods were devised 
and tests were carried out in order to spread the illumination area of the single 
light source. Uniform spreading of the LED illumination area was possible by 
the use of two diffusers placed at an optimum separation distance that was 
determined in this work. 
 
The usefulness of this custom-made RCF densitometer was demonstrated by 
using this device to image exposed RCF and using the film analysis software, 
Image J, to determine the film absorbed dose. Two clinical situations were 
examined: open and virtual wedge radiation beams. 
 
It was concluded that still digital cameras can be used in RCF densitometers 
provided they can capture and store raw images, a single diffused LED can 
illumination an area large enough for RCF densitometry and appropriate film 
analysis software is needed to extract and handle the large volume of 
greyscale data from the RCF.  
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Chapter 1: Introduction 
 
 
The aim of radiotherapy is to destroy tumour cells while minimising damage to 
adjacent healthy ones. 
 
This means there needs to be a high level of accuracy and caution in 
determining and establishing beam parameters as they one of the factors 
used by the rest of the radiation oncology team (radiation oncologists, 
radiation therapists and dosimetrists) to make decisions about patient 
treatment set-up.  
 
In order to achieve the above, as well as ensure radiation safety, most 
Australian radiotherapy centres adhere to recommendations set out by 
advisory organisations, such as the International Commission on Radiation 
Units and Measurements (ICRU), and government organisations, such as the 
Australian Radiation Protection and Nuclear Safety Agency (ARPANSA).  
 
In photon radiotherapy, ICRU report 50 (ICRU, 1993), ICRU report 62 (ICRU, 
1999) and report 24 (ICRU, 1976) are commonly used as guidelines for 
prescribing, recording and reporting doses received by the target volume. 
These reports stipulate that the absorbed dose to the ICRU reference point is 
within ±5 % of the prescribed dose (ICRU, 1976) and the dose variation in the 
planned target volume (PTV)i should be within +7 % and –5 % (ICRU, 1993). 
ICRU reference point is commonly defined to be a point in the centre of the 
 
i “Planning target volume covers the clinical target volume (gross tumour volume and any 
cellular invasion), internal margin (take into account variation in shape and size of the CTV) 
and setup margin (variation in treatment setup)” [quoted from ICRU 62].  
planned target volume (ICRU, 1993). Dose variation is due to a number of 
factors, including beam parameters (such as incident angle, field size, number 
of beams and source to patient distance), use of modifiers (such as wedge, 
tray and bolus), use of beam shaping blocks and anatomical heterogeneity. 
Similarly, factors that produce dose inaccuracies include variation in machine 
output, misalignments, patient motion, inaccuracies in dose estimation and 
patient set-up. 
 
The above two ICRU conditions on dose variation and inaccuracies play an 
important role in radiotherapy as they provide criteria of acceptability in quality 
assurance tests’, that is, each process along the pathway in the treatment of 
patients has a tolerance level which is set so that the total inaccuracy is within 
the ICRU limits. Each process can be measured and quantified by the 
radiation oncology medical physicist (ROMP) provided the right tools are 
available for each situation. 
Consider the common situation where a ROMP is trying to measure radiation 
beam characteristics using radiation detector(s). In conventional beam 
delivery (static and medium field size ≥ 4x4 cm) this is a relatively 
straightforward task but is more difficult for complex beam delivery (dynamic 
and small field size ≤ 2x2 cm) as the selected radiation detector(s) need to 
have high spatial resolution and minimal variation in response with energy. 
Most conventional detector(s) (such as radiographic film, diodes and some 
gas filled detectors) do not possess both of these qualities.  
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Radiochromic film (RCF) does not suffer from these limitations. Advantages 
are the ability to image two dimensional data where the spatial resolution is 
dependent on the separation distance between the polymer granule in the 
active layer (see chapter 2 for further details), be relatively energy 
independent (in comparison with other detectors), no requirements for 
chemical processing to fix signal onto film, insensitivity to daylight and other 
environmental factors (refer to chapter 2 for further discussion).  Despite 
these advantages, RCF are not as popular as was anticipated in the mid-
1990s when they were introduced in the current form (composition and 
physical shape). This is due to a number of reasons, such as the need for 
long radiation exposure to achieve a readable signal (≥ 10-20 Gy), need for 
long stabilisation times (~ 24-48 hrs) and the need to set up a RCF readout 
and detector system which is separate from conventional radiographic 
dosimetry. It has been shown by several investigators (Devic et al, 2004 and 
Gluckman et al, 2002) that the sensitivity of conventional radiographic film 
densitometers are lower than those required for radiochromic dosimetry due 
to the mis-match between the light source(s) emission spectrum and RCF 
absorption spectrum. Consequently, the establishment of a radiochromic 
dosimetry system is considered not justified in many radiotherapy situations.  
 
In the preceding paragraph, three limitations of RCF dosimetry were 
presented. The first two have been solved by the availability of a new type of 
film, GAFCHROMIC External Beam Therapy (GAF EBT was formally released 
at the American Society of Therapeutic Radiation and Oncology, ASTRO, 
conference in October 2004) (International Speciality Product, 2005), as it is 
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more sensitive and tissue equivalent than other RCF. This project will address 
the third by investigating the design, construction and implementation of a 
simple densitometry system based on a commercial still digital camera.  
 
1.1. What was carried out in the project? 
The skeleton of the densitometry system consists of a rigid frame with a light 
emitting diode (LED) as the light source, still digital camera as the light 
detector, two diffusers as devices used to produce uniform LED profiles and a 
regulated power supply for supplying power to the LED (see figure 1.1).  
 
Still digital camera 
Radiochromic film 
computer 
voltmeter 
LED 
multimeter 
Regulated 
power supply 
Diffusers 
 
Figure 1.1 Radiochromic densitometry system consisting of a still digital 
  camera, LED, regulated power supply and diffusers. 
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Experiments involving measuring the characteristics of each component 
(LED, still digital camera and diffusers) and testing their separation distances 
to obtain uniform light intensity were designed and carried out.    
 
To demonstrate the functionality of this densitometry system, the system was 
used to read RCF density information and estimate the absorbed dose for 
typical clinical situations (such as open and virtual wedge profiles).    
 
1.2. Why is the project important? 
Some ROMPs (Oita et al, 2006) have suggested that the utilisation of RCF in 
radiotherapy will become more common with new dynamic methods of beam 
delivery, such as tomotherapy, image guided radiotherapy (IGRT) and image 
guided adaptive radiotherapy (IGART). These advancements will continue to 
pose dosimetric challenges to the ROMP which cannot be solved by 
conventional dosimetry tools, such as the need to measure two dimensional 
data, need to measure data in small fields and need to model and quantify 
skin dose (Devic et al, 2006). RCF in its present form has the ability to do this 
(see introduction).  
 
Additionally, RCF dosimetry has been proven by numerous investigators to be 
useful in conformal radiotherapy (CRT), such as quantifying skin dose in total 
skin electron radiotherapy (TSET) (Gamble et al, 2005), quantifying dose 
distribution around brachytherapy sources (BRT) (Sharma et al,  2004 and 
Martinez-Davalos et al,  2002) and as in-vivo dosimeters (Ciocca et al,  2003 
and Pai et al,  1998).  
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 As was mentioned above, the clinical utilisation of RCF requires a specialist 
readout system. The densitometry system investigated here is a simple and 
efficient alternative to commercial densitometer and has the advantage of 
being able to be assembled by any clinical ROMP.  
 
1.3. Structure of thesis 
In summary, the layout of the following text consists of six chapters. They are 
Chapter 1: introduction, Chapter 2: theory and literature review, Chapter 3: 
LED and charged coupled devices (CCD) characteristics, Chapter 4: 
spreading LED profiles, Chapter 5: RCF dosimetry measurements and 
Chapter 6: conclusion and suggestion for future work. 
 
In Chapter 2, theory and literature review relevant to LED, still digital camera 
and film and RCF dosimetry will be discussed.  
 
In Chapter 3, experiments which were carried out to measure the 
characteristics of the LED and digital camera CCD under different electrical 
(applied current and voltage) and camera settings (shutter speed) are 
described in detail.  
 
In Chapter 4, experiments which were carried out to produce a uniform LED 
emission profile are described. This includes measuring the resultant LED 
profile when different diffuser thicknesses were placed in between the LED 
and camera system, changing separation distance between the diffuser and 
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light detector, changing the colour of the LED holder and changing the shape 
of the LED plastic housing.  
 
Based on the results from Chapter 3 and 4, the densitometry system was 
designed, tested and built to ensure that the system was optimised. This 
means that all components were mounted on the rigid frame at a set 
separation distance and the settings on the LED and camera were fixed to 
certain operating parameters: 20 mA and 2.05 V in the LED electrical circuit 
and 0.8 s shutter speed on the digital camera (using CANON G5).  
 
In Chapter 5, the densitometry system was used to measure transmitted light 
through GAF EBT films where two clinical situations were tested: an open 
radiation beam and virtual wedge profile. Once data from the film were 
derived, they were compared to those obtained in a water tank using an 
ionisation chamber (open profile) and ionisation chamber array (virtual wedge 
profile).  These agreed, verifying that the densitometry system is a useful and 
functional dosimetric tool for the clinical ROMP. 
 
In Chapter 3, 4 and 5, images from the still digital camera were analysed 
using either Profiles or Image J with Dcrawii plugin (PC based Windows 
software). In instances where Image J was utilised, the data obtained from the 
                                                 
ii Image J and dcraw.c are shareware softwares written by W. Rashband and D. Coffin 
respectively (see website for further information, http://rsb.info.nih.gov/ij/index.html, and, 
http://www.cybercom.net/~dcoffin/dcraw/, accessed 30 May 2006). Image J has the ability to 
“display, edit, analyze, process, save and print” [quoted from Image J homepage] images and 
is used by those in the radiotherapy community to analyse films. Dcraw.c has the ability to 
decode raw digital images and its use, so far, has been confined to digital photography. 
These two softwares were merged in March 2006 by J. Sacha (see website for further 
information http://sourceforge.net/projects/ij-plugins, accessed 30 May 2006) and its 
usefulness will be demonstrated in this study. 
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image were exported to spreadsheet software, Windows Microsoft Excel, and 
analysed. 
 
In Chapter 6, conclusions will be made on the project and recommendations 
put forward on the use of still digital camera in RCF densitometry. Additionally 
suggestions for future work will be presented.  
 19
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Chapter 2: Theory and Literature Review 
 
This chapter consists of four sections. The first will briefly discuss the 
construction and operation of two semiconductor devices: the LED and CCD. 
The second will discuss the construction and operation of still digital cameras. 
The third is on film dosimetry (construction and common characteristics, 
conversion of optical density to dose, readout densitometry system and 
analysis software). The fourth is a brief literature review on RCF dosimetry 
(radiochromic film, radiochromic densitometer and film analysis software).      
    
2.1 LED and CCD 
2.1.a Light Emitting Diode (LED) 
A schematic diagram and a low illumination digital image of a LED are seen in 
figures 2.1 and 2.2, respectively. A typical LED consists of five major 
components: outer plastic dome housing, anode and cathode lead (to enable 
a bias voltage to be applied across the junction), pn junction/”LED chip”, metal 
focusing cup (to direct the radiation forward and prevent backscatter) and gold 
contact (to bridge the gap between anode and p side).  
 
Developed in the 1960s, the LED is used as a source of light for many 
specialised purposes, such as indicators on printed circuit boards (PCB) and 
film dosimetry. The main attractions of these devices are their simplicity, 
durability, low cost and versatility (they are available in a variety of emission 
wavelengths, from infrared to ultraviolet, and luminosity, from 1 mCd to ten of 
thousand mCd depending on semiconductor material and current in the LED 
power supply external circuit). The LED is a pn junction operating under 
forward bias where the emitted radiation is dependent on the semiconductor 
energy bandgap. Typical materials used in LEDs and their corresponding 
wavelengths are seen in figure 2.3 and common LED shapes and sizes are 
seen in figure 2.4.       
  
 
Figure 2.1  Diagram of a typical LED consisting of leads, plastic dome, pn 
  junction, focusing cup and gold contact.  
 (courtesy of School of Engineering, Australian University) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2  Digital image of a typical LED consisting of leads, plastic dome, 
pn junction, focusing cup and gold contact. 
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Figure 2.3 Typical LED semiconductor materials and emission wavelength  
(courtesy of Wilson and Hawkes 1998) 
 
 
 
 
5mm
 
Figure 2.4 Common LED shapes and sizes  
  (courtesy of Wikipedia) 
 
 
 
A high quality LED should have three main characteristics: energy band gap 
suitable for the LED intended use, p and n type material with low resistivity 
and efficient radiation emission. Desirable bandgaps are generally those with 
an emission spectrum in the visible region, corresponding to high bandgap of 
Eg ≥ 2 eV; and consequently have high resistivity and are difficult to 
manufacture. To overcome these limitations, these semiconductors have a 
high dopant concentration and special manufacturing methods have been 
developed in order to create a stable crystal structure, such as liquid phase 
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epitaxy, vapour phase epitaxy and molecular beam epitaxy. Essentially, these 
semiconductor fabrication techniques involve exposing a substrate material to 
a liquid/vapour/molecular stream of semiconductor materials, see Gillessen 
and Schairer (1987) and  Berg and Dean (1976) for further details.    
 
To ensure high radiation efficiency, LEDs have been designed with three key 
components: high dopant concentration, plastic dome casing and metal 
focusing cup. The high dopant concentration in extrinsic semiconductors 
increases the probability of carrier recombination (and hence radiation 
emission) under forward bias. The plastic (in comparison to semiconductor 
materials, plastic is economical and have high refractive index) dome casing 
provides mechanical protection as well as an interface where the emitted 
radiation is forward-focused. It can be seen in figure 2.5 that radiation incident 
on the plastic/air interface at an angle < θc changes its direction after passing 
through the interface due to refraction effects, (ray 1 in figure 2.5). 
Furthermore, radiation with incidence angles ≥ θc (critical angle) undergoes 
critical or internal reflection (ray 2 and 3 in figure 2.5 respectively) (Halliday et 
al, 1997). The metal cup encasing the pn junction reflects backscattered 
radiation as well as providing a rigid support for the semiconductor. The 
overall effect of the dome and cup ensures that the radiation is emitted in a 
cone. The magnitude of the angle encompassed by this cone is called the 
viewing angle (see figure 2.6), where the junction is considered a “light 
source”.  
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 Figure 2.5 Diagram of light rays showing refraction effects at interface of 2 
materials with different refractive index. Light rays that hit the 
interface at angles less than θc will change direction after 
passing through the interface (ray 1) and at angles greater than 
θc will undergo critical and internal reflection (ray 2 and 3 
respectively).  
(courtesy of Wilson and Hawkes, 1998) 
 
 
 
50% brightness  
 
θ
plastic 
air 
 
Figure 2.6  LED 50% light intensity defines the boundaries of 
  the LED viewing angle, 2θ, cone 
 
 
Finally, the LED luminosity as a function of supplied forward current or voltage 
may not necessarily follow a linear relationship and is dependent on the type 
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of semiconductor material, for example LEDs from Fairchild, Agilent and 
Kingbright. Non-linearity is due to carrier saturation in the p and n sides.    
 
For more specific information on each type of LEDs, such as range of 
operating voltage and current, radiation emission spectrum, type of 
semiconductor materials, viewing angle and luminosity versus voltage and 
current, refer to the LED’s manufacturer’s datasheets.       
    
2.1.b Charged Coupled Devices (CCD) 
The CCD chip (developed in 1969 by Boyle and Smith, 1970) is a light 
detector used in many light sensing devices such as digital cameras, optical 
scanners and video cameras. The CCD is made up of tiny “active” and “dead” 
metal-oxide-semiconductor (MOS) capacitors arranged in a two dimensional 
matrix where “active” MOS are involved in image registration and “dead” MOS 
are involved in tasks associated with the readout system. Each capacitor 
consists of three components: semiconductor material (generally p type 
silicon), silicon dioxide, SiO2 (to insulate and protect the semiconductor) and a 
metal contact (voltage gate) (see figure 2.7). The semiconductor material is 
generally p type silicon as silicon is widely available and p type has reduced 
probability of carrier recombination in comparison to n type.   
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Figure 2.7 Diagram showing a ray of radiation being absorbed by the  
  silicon semiconductor in a Metal-Oxide-Semiconductor capacitor 
(courtesy of Wilson and Hawkes, 1998) 
 
When these MOS capacitors are exposed to radiation, electron-hole pairs are 
created in the semiconductor. If a forward bias is applied across the 
semiconductor, under the influence of the electric field electrons will migrate 
to the oxide material and holes in the opposite direction. These electrons are 
stored here until the CCD readout system reads the charge. There are two 
main types of readout system: frame transfer and interline transfer (see figure 
2.8). In frame readout, the signal from MOS is transferred to a transport 
register immediately after image capture and during image registration each 
row of MOS is transferred to the readout register. Whereas in interline 
transfer, the signal from each MOS is immediately transferred to the readout 
register. Frame transfer CCD takes longer to register images in comparison to 
interline but there is no confusion on the time in which the MOS signal 
originates. Additionally, interline transfer CCDs are larger due to the need for 
“dead” space storage area.  
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 Figure 2.8 Diagram showing the two types of readout mechanism in CCD 
  chips: (a) frame transfer and (b) interline  
(courtesy of Wilson and Hawkes, 1998) 
 
 
Based on charge information from each MOS (proportional to intensity of 
radiation), the CCD can re-construct a two dimensional display of the 
recorded image. Reconstructing a high quality colour image is not a trivial 
task. This has meant accessory items need to be attached to the CCD MOS 
capacitors to enable efficient image reconstruction (such as lenses and colour 
filters, see figure 2.9) and de-mosaic algorithms needed to be developed to 
process the raw digital image. The lenses enable the CCD to capture a wide 
field of view, FOV, where the lenses shrink the physical image in order for it to 
fit on the CCD chip. Colour filters enable the CCD to record colour images by 
allowing only certain wavelengths of radiation to reach the MOS. The most 
common filter is the Bayer pattern (see figure 2.10) which consists of array of 
red, green and blue filters arranged in such a manner so that a 4x4 square 
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consists of 2 greens, 1 red and 1 blue. Demosaicing algorithms (such as 
bilinear, hue and pixel grouping interpolation [see Tsai P et al, 2002 for a 
complete list of demosaicing algorithms]) are mathematical interpolation 
calculations used to “guess” the true colour at each site of the image by 
interpolating signals from a group of MOS capacitors.  
 
 
Lens matrix 
Colour filter 
 
Figure 2.9 Diagram showing CCD chip with MOS detectors, colour filter 
  and lenses (courtesy of Fuji). 
CCD chip 
MOS capacitor matrix 
 
 
 
Figure 2.10 Diagram showing the most commonly used colour filter on a 
CCD chip: Bayer pattern. In a 4x4 square, the colour filters are 
arranged so that there are 2 greens, 1 blue and 1 red filter. 
 
 
Since 1969, CCD technological advancements have enabled greater number 
of MOS capacitors to be packed on small CCD chips (currently a maximum 
number of 12.3 megapixel can be fitted on a 23 x 15.5 mm2 chip in the Fujifilm 
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FinePix S3 Pro still digital camera), availability of a four colour filtered CCD 
(found in some SONY still digital cameras where the fourth colour is emerald 
which is closer to the human eye spectral peak sensitivity than green), 
improved performance (large dynamic range, reduced delay time, better 
quantum efficiency and more accurate signal registration) and long lifetime 
(reduced probability of pixel failure).  
 
Furthermore developments in CCD technology along with improved image 
processing have enabled CCD based devices to have complex capabilities. 
This includes the ability to transmit live images to a computer (possible due to 
fast CCD readout frame), ability to capture raw images (possible due to 
storage of large CCD data) and ability to increase image contrast at low and 
bright light conditions (possible due to the use of multiple gamma factors to 
correct for the logarithmic response of the human eye [Amidror, 2000]).  
 
The gamma factor, γ, is defined to be the power value which needs to be 
applied to the original camera signal, Signalin, in order to compensate for the 
logarithmic response of the human eye: 
 ( )γinout SignalSignal =   
where Signalout is the resultant camera signal once a gamma factor has been 
applied to Signalin. In digital display devices, default gamma values are 
programmed into the devices by the manufacturer and are used to process 
raw images in order to obtain images optimised for the human eye (Poynton, 
1996). 
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For those who wish to obtain more physics information on LEDs and CCDs, 
books by Wilson and Hawkes (1998), Schubert (2003) and Janesick (2001) 
provide excellent reviews. Additionally, those wishing to obtain LED 
standardisation rating and quality specification should refer to the Irish 
Standard (IS) publication number 670 (1991). 
 
2.2 Imaging     
2.2.a Still digital camera 
The first true digital camera, Fuji DS-1P, was known to exist in 1988 (Peres, 
2007) but it was not until the mid 1990s that the first still digital camera, Apple 
Quick Take, was available to the consumer market (Ippolito, 2003). The delay 
was in part due to the need for the development of methods of image 
compression in order to reduce the large volume of data from raw digital 
images so that the images can be processed efficiently. These formats 
consist of Graphic Interface Format, GIF, Tagged Image File Format, TIFF, 
Joint Photographic Experts Group, JPEG, and bitmap, BMP. Currently still 
digital cameras are readily available and have sophisticated functionality, 
such as night vision, video recording and automatic setting of exposure 
settings (either controlled by the camera or personal computer, PC).  
 
Still digital cameras consist of five major components: CCD (or CMOS) chip 
(detect the image, see section 2.1.b), lenses (control the FOV), shutters 
(protect the light sensing chip and controls the amount of light entering the 
camera in order to prevent saturation of the CCD chip), liquid crystal display 
(LCD) screen (display the captured image for preview) and accessory items 
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(LEDs for automatic focus, sound recorder for video recording, infrared sensor 
to capture images in the night, flash and communication/interface plugs to PC, 
television and battery power charger) (see figure 2.11 for block diagram).  
 
 
 
 
Figure 2.11 Block diagram showing components in a still digital camera  
  (courtesy of Texas  Instruments) 
 
 
 
The above five components is used in the process of capturing digital images. 
Initially the shutter opens allowing light to enter the camera for a pre-defined 
period. The lens will then focus the light so that it falls on the CCD/CMOS chip 
(see section 2.1.b). In the chip, light is converted to electrical charge and 
based on the magnitude of these charges either a raw or compressed (TIFF, 
JPEG or BMP) image is reconstructed and automatically saved on a type of 
storage media, such as compact, flash or memory card. The recorded images 
can be retrieve from storage and previewed on the LCD screen where liquid 
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crystals in the screen are electrically switched to orientate in a certain manner 
and thus create a replica of the recorded image. 
 
The following website provides general information on the functionalities of 
still digital camera and the effects that different camera settings (shutter 
speed, focus and zoom) have on image quality: http://www.shortcourses.com.  
 
2.3 Film Dosimetry 
There are two types of films used in radiotherapy dosimetry and they are 
classified on whether chemical processing is needed to fix the image on to the 
film: radiographic (does need chemical processing) and radiochromic (does 
not need chemical processing). Film dosimetry is used in situations where 
high spatial resolution in two dimensions is needed, such as measuring dose 
delivered from IMRT fields, measuring uniformity of total skin electron therapy 
(TSET) fields and measuring characteristics of multiple leaf collimators (MLC) 
(leakage, penumbra and alignment). Depending on the film and radiation 
beam parameters and provided appropriate correction factors are applied, 
these films can reportedly achieve measurement accuracy of ±2-5 % (Butson 
et al, 2001, Dempsey et al, 2000, Devic et al, 2005 and Olch, 2002). Below is 
a general discussion on film dosimetry where the information provided applies 
to both radiographic and radiochromic films unless specified otherwise.     
  
The basic construction of these films consists of three materials: rigid plastic 
base layer (provides a frame for the film and protects the underlying active 
layer), active layer (contains chemical compounds which record the absorbed 
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dose) and adhesive layer (glue the active compound to the plastic). The active 
compounds in radiographic and radiochromic films are silver halide crystals 
(bromide, chlorine and silver) and organic monomers (see Butson et al, 2003 
for further details), respectively. When exposed to radiation, the active 
compound undergoes a chemical reaction which manifests itself as change in 
colouration for radiochromic film and film darkening for radiographic film 
where the intensity of this colour change or extent of film darkening is 
proportional to the absorbed dose. When radiographic film is exposed to 
radiation, each negatively charged bromide atom is split into a neutral 
bromide atom and an electron. The electrons are attracted to “active sites” in 
the film and consequently positive silver atoms are attracted to this area 
forming aggregates of silver crystals which is seen as darkening in the film 
(see Pai et al, 2007 for further information). When radiochromic film is 
exposed to radiation, bonds are formed between monomers producing 
polymers which manifests itself as a change in colouration (see Butson et al, 
2003 for further information). This radiation induced film colour change or 
darkening can be quantified by measuring the change in light intensity as it 
passes through the film.  
 
The choice of incident light needs to take into consideration the film light 
absorption spectrum which is dependent on the composition of the film base 
and active layer. The absorption spectrum of a commonly used radiographic 
film in radiotherapy dosimetry, Kodak X-Omat V, can be seen in figure 2.12a 
where two slight peaks at wavelengths 580nm and 630nm are visible (Cheung 
et al, 2001). Similarly, the absorption spectrum of GAFCHROMIC films (High 
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Dose, HD-810, Medium Dose, MD-55, High Sensitivity, HS, and External 
Beam Therapy, EBT) are seen in figure 2.12b where the two peaks (slight and 
dominant) are more prominent than radiographic films (due to the material of 
the active layer). Additionally, it can be seen in figure 2.12b that EBT has 
displaced absorption peaks in comparison to the other GAFCHROMIC films 
(MD and HS) and is due to a more sensitive active layer (Devic et al, 2007). In 
film dosimetry, the wavelength of the incident light is chosen to be near or on 
the dominant peak of the film absorption spectrum in order to allow a 
maximum range of film colouration or darkening to be measured. Comparison 
of figure 2.12a and 2.12b indicate that this is more important in RCF 
dosimetry than radiographic as the absorption peak is more dominant in figure 
2.12b.           
 
A quantity used to describe the amount of light transmitted through a film is 
the optical density, OD, defined to be the logarithmic ratio of the incident light 
intensity to the transmitted light (Pai et al, 2007): 
⎟⎠
⎞⎜⎝
⎛=
I
I
OD 010log  
 
where  I0  = incident light intensity, and 
  I  = transmitted light intensity.   
In certain situations, I0 can be taken as the transmitted light intensity through 
unexposed film (Pai et al, 2007).  
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The relationship between OD and dose for radiographic and radiochromic film 
can be seen in figure 2.13. The shape of these calibration curves is 
dependent on the film and densitometry system. Radiographic film has three 
region: “toe”, “gradient” and “shoulder” where the “toe” is due to delayed 
activation of silver bromide crystals in the active layer at low dose and the 
“shoulder” is due to “active site” saturation at high dose (see Yeo and Kim, 
2004 for further details). 
 
 
(a) 
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(b)
673
635
583
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Figure 2.12 Light absorption spectrum for radiographic (Kodak X-Omat V) 
(Cheung et al, 2001) (a) and radiochromic films (GAFCHROMIC 
HD-810, MD-55, HS and EBT) (Devic et al, 2007) (b) exposed to 
different dose levels. The value in parentheses in (b) is the 
thickness of the film active layer. 
 
 
RCF calibration curve is linear for a large part of the curve as the exposure to 
different doses of radiation merely induces further bonds between organic 
monomers in the active layer (formation of polymers). At high doses of 
radiation, the curve saturates due to depletion of monomer molecules. 
 
(a) 
 
 
 
 
 
 
 
 
 
 
Figure 2.13 Characteristic curve for radiographic (Kodak EDR2 and XV at 
varying energies, 5 cm depth, 10 x 10 cm2 field size and 95 cm 
SSD) (a) and radiochromic film (GAF EBT with different energy 
and orientation “front” and “back)  
(b)
(courtesy of D. Georg, Division Medical Radiation Physics, Medical University 
of Vienna) 
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 Converting film colouration or darkening to absorbed dose is not a simple 
task. The response of radiographic films is dependent on the radiation energy 
and chemical conditions of the developer. This will affect the shape and shift 
of the calibration curve. Though RCF does not have these problems (no 
energy dependency > 50 keV) it require a long stabilisation time (6-48 hrs) for 
the growth of RCF polymers to reach near saturation. In RCF dosimetry, 
corrections need to be made for film non-uniformity, varying response to dose 
rate and polarisation of light. Additionally, careful handling and storage is 
needed to eliminate humidity, temperature and ultraviolet discolouration; see 
Niroomand-Rad et al (1998) for further details.  
 
 
Reading film colouration or darkening requires the use of a densitometer 
which consists of a light source and detector encased in a rigid frame. 
Densitometers can be classified into three types depending on the 
configuration of the light detector: point, linear array or two dimensional (CCD 
camera). Both point and linear arrays can be either stationary or moving.  
 
Typical light detectors are CCD, photomultiplier tubes (PMTs) and infrared 
detectors. Light sources are fluorescent white light, laser and LED. In film 
dosimetry, the use of a densitometer requires densitometry related correction 
factors that need to be accounted for in order to obtain accurate data, such as 
light and scanner non-uniformity. Typical RCF densitometer configurations are 
discussed in section 2.4.b.  
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The film data measured by densitometers (except for point densitometers) are 
generally stored as greyscale value, GSV, which represents the amount of 
film colouration or darkening. The magnitude of GSV to a particular 
colouration or darkening is dependent on the number of bits of the detector(s); 
for example an 8 bit CCD has a maximum GSV of 28 = 256 and so the film 
colouration or darkening is assigned GSV anywhere between 0 and 255. A bit 
is the number of bytes or computer memory allocated to data storage.       
 
In film dosimetry, the large volume of data measured by the densitometer 
needs to be processed before the user can deduce useful information about 
the radiation beam. This requires software which has the functionality to 
accept, process and present film data as graphs or tables; see section 2.4.c 
for more information.  
 
2.4 Radiochromic Film Dosimetry 
The following paragraphs provide a literature summary and an overview of 
current radiotherapy application of RCF dosimetry. Succeeding this is three 
sub-sections summarising literature on RCF, RCF densitometer and RCF film 
analysis software.   
 
Currently, RCF dosimetry is used in radiotherapy applications where 
conventional dosimeters (such as ionisation chambers, radiographic film and 
diodes) are unable to quantify dose accurately. This includes fields with high 
dose gradient, large energy spectrum and small fields, specifically stereotactic 
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radiotherapy or radiosurgery, brachytherapy, surface or skin dose, intensity 
modulated radiotherapy (IMRT), tomotherapy and IGRT. 
 
As a reflection of the importance that RCF has in the radiotherapy community, 
the American Association of Physics in Medicine (AAPM) published a 
summary report in 1998; task group, TG, 55 (Niroomand-Rad et al, 1998) on 
RCF dosimetry. In this report, the task group outlines the history of RCF 
dosimetry, provides advice on what hardware and software are needed in 
setting up a RCF program, presents some characteristics of common 
commercial RCF and provides results from some radiotherapy applications.  
 
A limitation of AAPM TG 55 is that it was written in 1998 when radiotherapy 
applications of RCF dosimetry were still relatively new. In 2003, Butson et al 
(2003) reviewed RCF dosimetry and published an updated summary of RCF 
dosimetry research published in between 1998 and 2003. These 
developments include the availability of more sensitive RCF (GAFCHROMIC 
HS and XR), the availability of non-GAF films (GEX and FWT), a method for 
shortening the stabilisation time by low temperature incubation (Reinstein et 
al, 1998) and results from radiotherapy applications (proton dosimetry, 
dosimetry near interfaces and penumbral measurements). 
 
Since 2003, developments in RCF dosimetry have included the availability of 
a more sensitive and cheaper RCF (A$22 for a 20x25 cm2 sheet of GAF EBT 
in comparison to A$100 for a 12.5x12.5 cm2 sheet of GAF MD55iii), availability 
                                                 
iii Private communication with Alphatech (Australia), Jun 2005. 
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of free film analysis software (Doselab and National Institute of Health, NIH, 
Image Software written to run on the Apple Macintosh or Image J which is 
written in Java and is based on Image Software), availability of more sensitive 
densitometers and further publication on RCF results from dynamic treatment 
delivery. 
 
2.4.a Radiochromic Film 
Radiochromic reactions (passive change in colouration upon absorption of 
radiation without the need for thermal, optical or chemical development) were 
first observed and recorded in 1826 by Niepce (Kossar, 1965) but the first 
utilisation of these reactions for dosimetry purposes (for food irradiation) were 
only investigated in 1965 by McLaughlin et al (1965). It was only in the 1990s 
that RCF dosimetry became widely used in radiotherapy dosimetry. This was 
predominately due to the successful production of RCF with more uniform 
sensitivity (Niroomand-Rad et al, 1998). 
 
Currently there are three RCFs on the market: GAFCHROMIC, GEX and FWT 
that have peak spectral absorption sensitivity in the orange-red (630-670 nm), 
green (554 nm) and yellow-green (500-605 nm) part of the electromagnetic 
spectrum, respectively. The change in colour is from clear to dark blue, dark 
pink and dark blue respectively.  These films have some common 
characteristics, including sensitivity to ultraviolet (UV) rays (daylight and 
fluorescent light), varying film sensitivities at temperature ≥ 30 0C (insignificant 
in well air-conditioned offices and laboratories), changes in sensitivity with 
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humidity variation and changes in sensitivity with incident light polarisation 
(due to alignment of organic crystals in the active layer). Furthermore, 
GAFCHROMIC films can be immersed in water for a short time (for example 
the EBT can be immersed for 1 hour) without causing damage to the active 
layer due to the presence of protective polyester layer(s) (International 
Specialty Products, 2005).  
 
In this project, GAF EBT is used, as these films possess superior properties in 
comparison to other films. This includes a lower dose range (.01-8 Gy), 
shorter stabilisation time (6 hrs [Cheung, 2005]), more uniform sensitivity 
(±1.5 % when comparing film readings as the film is scanned at 00 orientation 
and scanned at 1800 orientation [International Speciality Products, 2005]) and 
its effective atomic number is more “tissue equivalent”iv than other GAF films 
(zeff = 6.98 for GAF EBT and water has zeff = 7.30 [International Speciality 
Products 2005]). This is due to GAF EBT films having a different atomic 
composition to MD and HS. In GAF EBT, there are 42.3 % carbon, 39.7 % 
hydrogen, 16.2 % oxygen, 1.1 % nitrogen, 0.3 % lithium and 0.3 % chlorine 
[private communication with P. Pattanayak, 20 Dec 2005, ISPCORP]. 
 
The lower dose range and shorter stabilisation time in EBT films in 
comparison to other GAF films is due to the use of a more sensitive organic 
crystalline material. This higher sensitivity offers several advantages, 
including the ability to measure fluence maps without dose scaling in IMRT 
                                                 
iv The human body is made up of ~70% water and so radiotherapy detectors which have a 
response close to water are desirable as they indicate a truer representation of radiation 
interactions in vivo.       
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treatments, utilisation for in vivo dosimetry (such as to determine surface and 
skin dose, stereotactic dose delivery and total skin electron irradiation) and 
measurements of dynamic/virtual wedge profiles at low doses.  
 
2.4.b Radiochromic Densitometer 
Essentially a RCF densitometer consists of a light source and light detector 
mounted on a rigid frame. The configuration can be a flatbed or designed for 
feeding the film, feeder-type.  The commercial flatbed densitometers use 
document scanners, such as AGFA Arcus II (Devic et al, 2005) document 
scanner and Microtek ScanMaker E3 (Alva et al,  2002), and point 
densitometers, such as Radiochromic Densitometer Model 37-443. The 
commercial feeder-type densitometers include LKB Pharmacia UltroScan XL, 
Molecular Dynamics Personal Densitometer, Photoelectron Corporation CMR-
604, Laser Pro 16, Vidar VXR-16, Lumiscan 75 digitizer and Howtek 
MultiRAD 460 (Devic et al,  2004). Densitometers which have a white light 
source generally have an in-built hardware (coloured filters which only 
transmits certain wavelength) or software (program which has been 
developed to ignore certain colour pixels and is generally known as “RGB 
filters”) filtration system to transmit film transmittance data only corresponding 
to the film spectral absorption peak, for example only data from the red 
channel is transmitted for all types of GAFCHROMIC films. 
 
Two published articles compare different commercial RCF densitometers: 
Devic et al (2004) and Gluckman et al (2002). These studies compared 
densitometer sensitivity, reproducibility and uncertainty. The observed 
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variations in the densitometers are due to spectral disparity between light 
source emission and film absorption, mechanical set-up of the light detector 
frame and performance of the densitometer components. Devic et al 
concluded that point densitometers produce the best result due to the 
absence of multiple light source/detectors inaccuracies. Gluckman et al 
concluded the Laserpro 16 produced the best result for RCF due to its high 
sensitivity and is attributed to the use of a red laser.     
 Each of the three forms of light source and detector arrangement (single light 
source and detector, linear array and matrix) offer different advantages and 
disadvantages. Single pair system (one light source and detector) eliminates 
uniformity problems as variation in the pair can easily be detected by a 
sudden drop in sensitivity. While the linear array and matrix system in flatbed 
and feeder-type system offer the convenience of speed and efficiencyv. 
 
Apart from commercial densitometers, in-house systems have also been built. 
Some have used an infrared emitter and LED fitted on a water tank scanning 
system (Carolan et al,  1997). Others have used scientific CCD with LED 
system (Gamble et al,  2003). A customised densitometer provides a cheap 
alternative to commercial products and the user have full control on data 
processing between detection and display. 
 
2.4.c Film Analysis Software 
For a number of years, one of the weaknesses of radiochromic film dosimetry 
was the difficulty of converting gradation of film colouration (greyscale) to 
                                                 
v Private communication with N. Freeman, St Vincents Hosptial, NSW. 
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absorbed dose. In common with other problems in radiotherapy physics, 
measuring the signal is straightforward but the task of converting a reading or 
signal to dose is rather complex (see section 2.3) as there is need to quantify 
and correct for fluctuating parameters. In section 2.3, it can be seen that one 
of the intermediary steps in the conversion from GSV to dose is the extraction 
and analysis of film image greyscale. This requires software that has the 
ability to extract, calculate, display and import/export data via a graphical user 
interface (GUI).  Additionally, the software needs to be versatile and flexible 
enough so that extra corrections can be applied to the data derived from 
radiochromic film analysis. These corrections include film uniformity, detector 
uniformity (for linear array or matrix densitometer) and optical density to dose 
conversion. There are three types of film analysis software: commercial, free 
and “in-house”.  
 
In the past, commercial software was the only option available to the ROMP 
and can be expensive, such as Radiological Imaging Technology (RIT) 113, 
FilmQA and now non-existent Poseidon. In recent years, there has been an 
emergence of software development (written by ROMPs who have an interest 
in RCF dosimetry) such as Doselab, Image J and Image Software. Doselab 
has been written for comparing measured IMRT fields (fluence maps) with 
those from treatment planning systems. It is a thorough calculation tool for 
detecting gross differences between measured and calculated doses but does 
not offer enough flexibility for RCF dosimetry (refer to Childress and Rosen 
[2003] for further details). 
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Image J and Image Software offer the flexibility needed for RCF dosimetry as 
they can import images, extract and process (apply smoothing filters, subtract 
background data and apply a lookup table) point and profile GSV data and 
store these data in a format which can be read by a spreadsheet program for 
data calculation, such as Microsoft Excel.  Image Software has been used 
previously by investigators for analysing RCF data (DiMauro et al, 2005) but is 
limited to computers using the Macintosh operating system. 
 
The utilisation of free software in RCF can be restrictive as there is a lack of 
technical support and hence any discovered “bug” needs to be remedied by 
the user (the ROMP needs to be versed in that software programming 
language).  
 
Finally, some ROMPs have developed their own “in-house” RCF film analysis 
(Mack et al, 2003) software which allows them control of data processing and 
the option of developing their own GUI commands. Published literature seems 
to indicate that there are very few examples of this type of software in 
existence, presumably due to the time consuming nature of developing 
functional application program.     
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Chapter 3: LED and CCD Characteristics 
 
 
This chapter will outline experiments that were designed to measure the 
characteristics of components in the RCF densitometer, these include: 
1. LED (current flow with changing applied voltage, luminosity with 
changing applied voltage and current, LED batch uniformity and 
viewing angle) and 
2. still digital camera characteristics (CCD signal over time and with 
changing exposure light intensity and exposure time and camera image 
processing or “ring” effect).  
In this chapter as well as in 4 and 5, each experimental method is explained in 
detail including the materials used and the utilisation of two types of film 
analysis software to capture and analyse light intensity information: a 
customised Visual Basic, VB, program written for this project which is called 
Profiles and Image J. For chapters 3, 4 and 5 all experiments were carried out 
in a darkened room in order to eliminate fluctuating fluorescent ambient light 
and power was supplied to the LED 1 hour before the experiment commenced 
in order to eliminate LED warmup effects.  
 
3.1 LED characteristics 
LED characteristics were measured in order to validate or supplement 
technical data supplied by the manufacturer. Information on current flow 
versus applied voltage and LED luminosity versus applied voltage and current 
will assist in selecting the optimal electrical setting for the LED circuit. 
Information on the uniformity of the LED output in a given batch will determine 
the reliability of the fabrication process and thus whether the response of one 
LED (to changes in applied voltage or current) is representative of the rest in 
the batch. Information on the viewing angle will assist in evaluating the effect 
that different separation distances between components in the RCF 
densitometer will have on the light spread over distance. 
 
3.1.a Current versus applied voltage  
Light sources used in RCF densitometer should possess three qualities: bright 
to ensure small differences in greyscale are detected, red due to the 
absorption peak of most commercial RCF and reproducible to ensure reliable 
transmittance measurements (no differences in light intensity when 
background and exposed film readings are obtained) (Niroomand-Rad et al, 
1998). An LED was selected for the RCF densitometer as laser, laserdiode 
and fluorescent light lack all of the above qualities.  Laser and laserdiode 
were not selected as these lack sufficient beam spread (illuminate film area) 
and their polarisation nature is non-ideal for RCF dosimetry. For example a 
commercial 10 mW laserdiode has a maximum beam diameter of ~ 2 mm 
over ~ 20 cm distance (part # 1954, Jaycar Electronics) and may potentially 
be due to an inherent lens in the diode assembly itself. Additionally 
polychromatic fluorescent light source was not selected due to the need for 
filtration (hardware or software) in the densitometer and its light intensity will 
degrade over time (due to electron bombardment on the filament). 
 
A commercial superbright red (luminosity 2000-2500 mCd at 20 mA and 
wavelength 625 ± 17 nm) 5 mm diameter LED (part # L-513VEC, Para Lights, 
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2003) with technical specifications as seen in table 3.1 was selected and a 
visual inspection was performed in order to determine whether there was any 
obvious defect. No obvious defects were seen in the LED. To measure the 
current flowing across the LED with varying applied voltage, a simple 
electrical circuit (see figure 3.1) was designed and set up where a regulated 
direct voltage power supply (GW Dual Tracking with 5 V Fixed, Model # GPC-
3030) was used in the circuit and the positive terminal was attached to the 
LED to provide forward bias. A digital multimeter (Fluke 77) was placed in 
series with the LED to measure the current flowing across the LED and 
another meter was placed in parallel with the LED to measure the applied 
voltage (Fluke 73).  
 
As the voltage setting was adjusted the readings on both meters were 
recorded and it can be seen in figure 3.2 that the current increases in an 
exponential manner with applied voltage (hence this particular LED behaves 
like a typical semiconductor diode under forward bias). The current flow in the 
circuit is due to the migration of electrons from the external circuit into the 
LED semiconductor material where it replaces re-combined diffusion and drift 
carriers (Wilson and Hawkes, 1998). 
 
This experiment was not performed under reverse bias (reversing the terminal 
attachments) as there is the potential of damaging the LED in the breakdown 
region (see Wilson and Hawkes, 1998). Avoiding damages to the LED was 
necessary as this LED was used in subsequent experiments.    
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LED (@ T = 250C)     
Parameter Min Typical Max Units 
Emitting wavelength 608 625 642 nm 
Operating current (Iop)  20 40 mA 
Operating voltage (Vop)  2.0 2.4 V 
View angle  15  Degrees 
Luminous intensity 2000 2500  mCd 
Lens colour  Water clear   
Raw material  GaAlInP   
Emitted colour  Strong 
orange 
  
 
Table 3. 1 LED (lot # L-513VEC, Para Lights) datasheet  
  (courtesy of Para Lights, 2003) 
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 Sony DSC-F717 Canon PowerShot G5 
 Image      
 
 
 Effective pixels      4.9 million 5.0 million 
 Sensor photo detectors      5.2 million 5.2 million 
 Sensor size      2/3 " (8.80 x 6.60 mm) 1/1.8 " (7.18 x 5.32 mm) 
 Sensor type      CCD CCD 
 Signal processing bit depth unknown 12 bits/channel  
 Colour filter array      RGB RGB 
 Sensor manufacturer      Sony Unknown 
 ISO rating      Auto, 100, 200, 400, 800 Auto, 50, 100, 200, 400 
 Auto Focus      Yes Yes 
 Manual Focus      Yes, focus ring, inc. magnification Yes 
 Normal focus range      50 cm 50 cm 
 Macro focus range      2 cm 5 cm /15 cm 
 Aperture range      F2.0 - F2.4 / F8.0 F2.0 - F3.0 / F8 
 Min shutter      30 sec 15 sec 
 Max shutter      1/2000 sec 1/2000 sec 
 Uncompressed format      TIFF RAW 
 Compressed format      JPEG JPEG (EXIF 2.2) 
 LCD      1.8 " 1.8 " (flip-out & twist) 
 
Table 3. 2 Summary table of features in a SONY Cybershot DSC-F717 and 
CANON Powershot G5 still digital camera  
  (modified from Digital Photography Review website) 
 
 
 
V
A
Fluke 77 
Fluke 73
 
Figure 3. 1 Circuit diagram used for measuring applied voltage versus 
current flow in a LED 
 
 50
05
10
15
20
25
30
35
40
45
0 0.5 1 1.5 2 2
Voltage (V)
C
ur
re
nt
 (m
A
)
.5
 
Figure 3. 2 Current flow versus applied voltage across LED 
 
 
3.1.b Luminosity versus applied voltage and current 
To measure the LED light output with changing applied voltage the LED circuit 
in section 3.1.a was set up and a still digital camera (SONY Cybershot DSC-
F717, see table 3.2 for summary of features) mounted on a tripod was used to 
detect the LED light (see figure 3.3). SONY Cybershot DSC-F717 was 
selected at the time of this project as it enabled the user full manual control 
over all functions (zoom, focus, aperture size, shutter speed and ISO speed). 
Additionally a 3 mm thick diffuser (opaque white polyethylene plastic cut from 
an x-ray light box) was placed between the camera and light source in order 
to spread the light. The separation distance between the diffuser and LED 
was 17 mm and between the diffuser and camera (centre of tripod) was 295 
mm.  
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LED + holder
  
 
Figure 3. 3 Set-up for luminosity versus applied voltage and current flow 
measurements 
 
 
As the applied voltage was increased, the current flow in the circuit was 
recorded (as per section 3.1.a) and an image of the diffused LED was 
captured at each voltage where the camera settings (set to an arbitrary 
exposure setting) were kept constant for the duration of the experiment. 
Customised film analysis software, Profile, was written in Microsoft Visual 
Basic version 6 (see figure 3.4 for GUI layout) and was used to extract and 
export the GSV (average of red, green and blue pixels) data from the digital 
image to Microsoft Excel. Due to the nature of the GSV assignment it was 
initially assumed that the LED luminosity is linearly proportional to the GSV; 
however later investigations showed this was not a valid assumption (see 
section 3.2.b). In this section, the LED luminosity is defined to be the 
maximum GSV within the image acquired at a set voltage. 
 
 
 
Fluke 77 in
series Regulated 
power supply 
Fluke 73 in
parallel
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Figure 3. 4 GUI layout of Profiles  
 
 
It can be seen from figure 3.5 that luminosity is a non-linear function of 
applied voltage and current flow in the electrical circuit. To determine whether 
this is due to the LED or response of the CCD (for both devices, this technical 
information was unobtainable from the manufacturers) a commercial lux meter 
(product # Q1367, Dicksmith Electronics) with operating range 0-500k lux 
(Dicksmith Electronics, 2003) was used to measure the LED light output as 
the applied voltage was increased (see figure 3.6 for set-up). The opaque 
diffuser covering the photodiode lux meter was removed in order to obtain 
direct output measurements.  
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Figure 3. 5 Maximum GSV (measured with CCD camera) versus applied 
voltage and current flow. Inset shows a magnified view of the 
same graph where the voltage/current ranges is 1.7-2.2 V/mA.  
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Figure 3. 6 Lux meter reading versus applied voltage or current flow. Inset 
shows photodiode with the opaque cover removed. 
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It can be seen in figure 3.6 that within the experimental range (applied voltage 
0-2.24 V and current 0-29 mA) the LED output lux reading is linear with 
applied voltage or current and so the relationship between luminosity with 
applied voltage is logarithmic in nature is due to the response of the CCD in 
the still digital camera. The lux meter response is linear with increased 
luminosity as it is operating within its ranges (see previous paragraph). 
Explanations and experiments that were designed and carried out to measure 
this CCD effect are detailed in section 3.2.b.  
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Additionally, it can also be seen in figure 3.6 that LED luminosity with applied 
voltage curve has a steeper gradient than that with current flow and so when 
LED output adjustments are needed then current is the more useful 
parameter to control as a small change in voltage will cause a large change in 
output. Subsequent measurements as outlined in chapters 4 and 5 were 
carried out using current to set the LED light intensity. 
 
Additionally from figures 3.6 and 3.2, the manufacturer’s recommended LED 
operating applied voltage and current settings are validated (2.0 V and 20 
mA) and these settings will place the LED away from the initial transition zone 
of figure 3.2 (from 0 to 1.5 V at 22 0C where 1.5 V is also known as the “turn 
on voltage” [Schubert, 2003]).   The transition zone is where the LED pn 
junction changes from an insulator to a conductor (Wilson and Hawkes, 
1998).   
 
3.1.c Batch uniformity  
A sample of 20 LEDs (ZD1777) were randomly chosen and each was 
connected to a circuit as seen in figure 3.1 where the current flow in the circuit 
is 3.0 mA and applied voltage 1.8 V. The experimental set-up is seen in figure 
3.3. A digital image was obtained of each LED where the camera and 
electrical settings were kept constant. These images were analysed using 
Profiles and Excel and GSV profiles along the vertical central plane of each 
LED digital image were obtained. From these profiles, an analysis of LED 
uniformity was determined by assessing the maximum GSV and full width at 
half maximum (FWHM). 
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 20 were chosen as the sample number due to the unlikelihood of a RCF 
densitometer needing more than 20 LEDs to illuminate a typical piece of 
commercial RCF (maximum size is 27.5 cm x 20 cm).    
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Figure 3. 7 LED Intensity Profiles for a batch of 20 LEDs, the profile for LED 
#1 has lower GSV than the other 19. LED intensity profiles were 
used to obtain information about the emission uniformity of a 
batch of LEDs. 
 
 
It can be seen in figure 3.7 that in this batch of LEDs, one LED produced 
noticeably reduced output (seen as lower GSV in LED #11) and no difference 
in the FWHM profile. This difference may potentially be due to inconsistency 
in the fabrication process, such as contamination of semiconductor material, 
incomplete junction formation or faulty electrical contact. If this batch is 
considered a reflection of the integrity of these LED fabrication process then it 
can be concluded that in a batch of 20 LEDs there may be a 1/20th probability 
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of selecting an LED with different response in comparison to the rest of the 
batch.      
 
LED #1 has reduced output from LED #2-10 and LED #12-20 but not to the 
extent as LED #11. This reduction in output is due to LED #1 being used 
extensively to obtain results presented in section 3.1 and it is anticipated that 
its output would be similar to LED #2-10 and LED #12-20 if it was not used so 
extensively.  
  
3.1.d Viewing angle 
According to manufacturer’s datasheet, the viewing angle for LED ZD1777 is 
150 and to determine the viewing angle produced by diffused light from the 
LED (as will be used in the final RCF densitometer), equipment was set up as 
per figure 3.3 where the electrical settings were 19.0 mA and 2.1 V and the 
camera settings were kept constant. In this experiment, the distance between 
the diffuser and LED was increased and at each stop the camera shutter 
speed was adjusted until the camera recorded a maximum GSV of 200 GSV 
and at this setting an image of the diffused light from the LED was captured. 
200 GSV is an arbitrary GSV chosen as close to 256 as possible without 
saturating the CCD chip. Profile and Excel was used to obtain vertical central 
plane GSV profiles and from these the relationship between width at half 
maximum and separation distance was obtained. In order to convert pixel to 
mm, an image of a ruler (placed on the diffuser) was captured and from this it 
was determined that with this particular set-up there is 4.6 pixels/mm. From 
figure 2.6, it can be seen that the width of the illumination cone as 
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encompassed by the viewing angle diverges with distance and so it can be 
deduced that the relationship between the full width at half maximum with 
distance is linear. 
 
From simple geometrical considerations it can be seen that the slope, m, of 
figure 3.8 equals tan (θ) where θ is half of the viewing angle and thus 
 
)(tan 1 m−=θ         
 
Analysis of figure 3.8 generates θ = 6.80 and hence a viewing angle of 13.5 ± 
0.150. The diffused LED produces a viewing angle comparable to a normal 
LED. This is expected as the effect of the diffuser is to randomise the direction 
of the LED light rays without much alteration on their spatial distribution. The 
spatial dimension of the LED beam as captured by the camera is effectively 
the dimension of the LED light distribution in the plane of the diffuser since 
this is the plane on which the camera is focusedvi.  
 
If a second diffuser was to be placed in between the first diffuser and camera, 
then it is expected that the spatial dimension of the LED beam will be larger at 
this plane due to the randomisation of LED light rays by the first diffuser. 
 
                                                 
vi Private communication with P. Wilksch (Royal Melbourne Institute of Technology, 
Melbourne, Victoria, Australia). 
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Figure 3. 8 Half Width at Half Maximum of LED profile versus separation 
  distance between LED and diffuser. Used to determine viewing 
  angle of diffused LED when one diffuser is used 
 
 
The experiment as described in paragraphs 1 and 2 of section 3.1.d was 
repeated with the use of two diffusers (instead of one diffuser) of the same 
thickness (3 mm): one directly in front of the LED (6 mm away from the LED 
holder) and the other at variable separation distance where the camera 
position was fixed (see figure 3.9). Similar to the previous experiment, at each 
separation distance the shutter speed was adjusted and in this instance a 
target value of 250 GSV was used. The relationship between the FWHM and 
diffusers separation distance is seen in figure 3.10 and the analysis of the 
slope from this graph using θ = tan-1 (slope) generated θ = 35.10 and a 
viewing angle 70.2 ± 0.390.  
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350 mm
Second diffuserFirst diffuser 
 
 
 
 
 
Motorized driver  
Figure 3. 9 Set-up for measuring viewing angle of diffused LED using two 
diffusers 
 
 
 
Results from these experiments indicate that changing the separation 
distance between the diffusers can effectively broaden the LED light source 
profiles as can be seen in the increase in viewing angle.   
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Figure 3. 10 Half Width at Half Maximum of LED profile versus separation 
  distance between first and second diffuser. Used to determine 
  viewing angle of diffused LED when two diffusers are used 
 
 
3.2 Still digital camera characteristics 
The characteristics of a still digital camera were investigated in order to 
assess whether any corrections were needed in the RCF densitometry 
system. This includes testing the reproducibility of the CCD signal with time, 
measuring the CCD signal with changing shutter speed and testing for in-
camera image processing.  
 
3.2.a CCD warmup 
To determine whether the CCD chip needs warmup time before image 
capture the set-up as seen in figure 3.3 were set up, where the LED circuit 
power supply was switched on for 1 hour before the start of the experiment (to 
eliminate any warmup effect from the LED) and digital images of the diffused 
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LED were captured at times from 2 to 180 mins after the camera power 
supply was switched on (and thus CCD chip is powered up). Profiles and 
Excel were used to determine the maximum GSV in the digital images. It was 
not anticipated that there be any warmup effects in still digital cameras as 
they have been designed with functionalities that are convenient to the users, 
such as instantaneous image capture.  
 
It can be seen in figure 3.11 that the maximum GSV measured on images 
obtained over the range of warmup times from 2 to 180 mins of CCD having 
voltage supply varied by ±2 % of the mean (or ±5 GSV of 235 GSV) and it can 
be concluded that the CCD chip in the still digital camera does not require any 
warmup time.  
 
Additionally it can be seen in figure 3.11 that the CCD/LED system, that is 
CCD response and LED output, was independent of warmup time and hence 
negligible GSV variation with increase in CCD/LED temperature.  
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Figure 3. 11 Maximum GSV versus time after power was supplied to CCD. 
  Used to determine CCD warmup effect 
 
 
 
3.2.b CCD saturation: CCD response versus light intensity and 
exposure time 
This section outlines two experiments: CCD response with increase in light 
intensity and CCD response with increase in exposure time, and 
determination of saturation effects. 
 
In section 3.1.b it was shown that the CCD responds in a logarithmic nature 
with increase in light intensity (increase in applied voltage or current flow). To 
verify results obtained in section 3.1.b, an experiment was set up to measure 
the CCD response with changing exposure time (or shutter speed). The set-
up is seen in figure 3.3 where the electrical setting is 1.81 V and 3.0 mA and 
at each exposure time setting (1/1000-30 s) a digital image of the diffused 
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LED light was captured. Profiles and Excel were used to determine the 
maximum GSV along the central plane of the image.  
 
Results are seen in figure 3.12 which shows a non-linear relationship, similar 
to those in figure 3.5, between maximum GSV and exposure time. Figure 3.5 
indicates that the non-linearity is not due to the LED and so the CCD is the 
cause of the non-linearity effect.   
 
In figure 3.12, it can be seen that at exposure time greater than 10 s, the CCD 
saturates at a maximum GSV of 255 (maximum GSV that can be detected by 
an 8 bit CCD camera, see table 3.2 and chapter 2). This relationship confirms 
the expectation that at high exposure time the shutter is open for longer and 
so a greater amount of photons are reaching the CCD and thus the greater 
the GSV. The saturation effect may be due to “CCD blooming” or the CCD 
camera reaching the maximum GSV limitation in one or two of the colour 
channels (that is the camera can only electronically record 256 GSV). “CCD 
blooming” or CCD saturation is well documented in astronomy and is 
attributed to pixels receiving and storing the maximum number of electron 
charges and any excess is “spilled” to adjacent pixels (Weis et al, 2004) seen 
as vertical streaks in the digital image of bright stars.  
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Figure 3. 12 Red LED maximum GSV (average of signal received from the 
red, green and blue channels in the CCD camera) versus 
shutter shutter opening time 
 
 
 
To determine whether this saturation effect is actually occurring, Profiles was 
used to extract primary colour GSV profiles (red, green and blue) from the 
LED images captured at different exposure settings. From each set of profiles, 
the maximum GSV was obtained and a relationship between maximum GSV 
and exposure time was determined (see figure 3.13 where maximum GSV is 
plotted on a linear scale and exposure time on a logarithmic scale). It can be 
seen that at a saturation exposure time of 0.06 s (from figure 3.13 this is the 
point where the red curve starts saturating), the red pixels saturate and “spill” 
into the green (depends on the emission spectrum and physical layout of the 
Bayer pattern where a red pixel is always adjacent to 2-4 green pixels, see 
chapter 2) and at a further saturation exposure time of 0.63 s (see figure 3.13) 
the green pixels “spill” into the blue.  
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Figures 3.12 and 3.13 indicate that some non-linearity is evident in the 
camera response with increase in exposure time. This effect can potentially 
be due to the camera having a gamma correction (see section 2.1.b for 
definition) of non-unity and is non-ideal for RCF dosimetry as the camera will 
respond differently with unexposed versus exposed film, leading to incorrect 
dose measurements. The impact which this effect has on digital images 
(called “ring” effect) and RCF dosimetry will be investigated further in section 
3.2.c.          
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Figure 3. 13 LED profiles versus exposure time where a red, green and blue 
filter was applied to each profile.  
Exposure time (sec)
 
 
 
Results from the above experiments indicate the non-linear response of the 
CCD at high light intensity and exposure time is due to pixel saturation and 
hence in dosimetry the CCD should be used under non-saturation conditions 
in order to prevent loss of GSV information.    
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3.2.c “Ring” effect 
At high exposure or intensity (LED current substantially higher than 20 mA) it 
was observed that a digital image of the diffused LED had an intense “ring” 
(see figure 3.14). This “ring” was not seen by the naked eye and so it was 
considered unlikely that the LED was producing this effect and the probable 
cause may exist in the camera. It is known that still digital cameras process 
captured image during the demosaicing process (see section 2.1.c) and so a 
probable cause for the “ring” effect may be due to the use of a gamma factor 
different from unityvii during the reconstruction process (see chapter 3). Below 
are details on experiments that were carried out to determine whether the 
LED or the non-linear response of the camera was causing the “ring” effect.  
 
 
                                                 
vii Private communication with P. Wilksch. 
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 Emission from 
semiconductor 
Ring effect 
 
Figure 3. 14 Ring effect from a diffused dome shape LED operated under 
camera saturation conditions. Grid scale shows 1 mm markings. 
 
 
 
To eliminate the possibility of the LED causing this “ring” effect, two 
experiments were carried out: one involved measuring the light intensity 
around a LED and the other involved measuring the intensity across the 
central plane of a diffuser illuminated by the LED. In the first experiment a 
flattened LED (LED with some of its plastic dome removed by sandpaper in 
order to produce a flat tip) was rotated about an axis perpendicular to the lux 
meter detection axis, and the lux meter (same device as in section 3.1.b 
which has a sensitive area of 5x3 mm2 where the short axis of the photodiode 
was parallel to the lux meter axis) was used to measure intensity at each step 
(see figure 3.15). The separation distance between the LED and lux meter 
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was 226 mm and was chosen by assessing differences in the LED profile with 
increasing distances. The electrical (18.4-18.7 mA and 2.2 V) and camera 
settings were kept constant. To determine whether there was any emission 
asymmetry, the above experiment was repeated with the LED rotated 900 in 
its holder. Additionally the experiment was repeated with a dome-shape LED 
in order to obtain reference data. LED (part # L-513VEC) was purchased with 
a plastic dome-shape tip which was flattened to investigate the “ring” effect. 
 
 
 
 
Figure 3. 15 Set-up for measuring LED light intensity as the LED rotates 
about the lux meter 
 
 
The results are seen in figure 3.16 where the profile for the dome-shape LED 
is roughly Gaussian in nature except for the drop at the peak which may be 
due to irregularities in the domed surface of the LED. It is expected that the 
LED emission profile is roughly Gaussian in nature due to the shape of the 
plastic dome, which focus the light rays in a forward direction (see section 
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2.1.a). The flat LED profiles (labelled “Flat (Cathode Right)” and “Flat 
(Cathode Down)” in figure 3.16) display a peak and two plateaus on either 
side of the central axis. The peak is probably due to light scattered from the 
focusing cup in the LED and the two plateaus may be due to light emission at 
the semiconductor material (light from the semiconductor material, focusing 
cup and leads) (see figure 3.17 for a visual display of the semiconductor 
material). In figure 3.16, there is an absence of a set of peaks on either side of 
the flattened LED central axis and so it can be deduced that the “ring” effect is 
not due to the LED.  
 
The second experiment involved placing the lux meter on the diffuser and 
moving it along the diffuser (along the central plane of the LED emission 
region) and measuring the lux reading at each step. The results are seen in 
figure 3.18 where only one peak is visible and so it was verified that the “ring” 
effect is not due to the LED.    
 
To demonstrate how the “ring” effect will affect film dosimetry, the following 
experiment was carried out. A sheet of GAF EBT film was cut into 2x20 cm2 
strips and exposed to 3 Gy 6 MeV photon radiation at 3 Gy/min (10x10 cm2 
field size at 1.5 cm depth and 100 cm source to surface distance, SSD) in a 
solid water equivalent phantom on a Siemens Primus linear accelerator. The 
film was left for 48 hrs before being processed. The densitometer, as seen in 
figure 5.1, was used to capture three digital images of the illuminated second 
diffuser (where LED electrical settings were 2.0 V and 20 mA): without film, 
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with unexposed film and with the same film 48 hrs after exposure to 
irradiation. Profiles and Excel were used to extract and analyse the images.                
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Figure 3. 16 LED light intensity as measured by the lux meter as the LED 
(flat and curved top) rotates about the lux meter where “Cathode 
Right” and “Cathode Down” refers to the position of the cathode 
as seen from the black of the LED holder. The flattened LED 
shows a peak and two plateaus and is due to the LED focusing 
cup and semiconductor material respectively. The domed LED 
profile is expected due to the focusing effect of the plastic dome.  
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Figure 3. 17 Visual inspection of LED at low electrical settings and camera 
macro switched on (to capture images at close range) to show 
the components in the LED (semiconductor material, focusing 
cup and leads), see figure 2.1.  
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Figure 3. 18 LED light intensity as measured with a lux meter as the meter 
moves along the diffuser. + refers to the top of the LED image, 
in figure 3.14, and – refers to the bottom. 
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After a digital image of the radiochromic film was captured, the analysis 
scheme consists of the following four steps:  
• Step 1: extraction of GSV from the digital image 
• Step 2: conversion of GSV to optical density, OD 
• Step 3: conversion of optical density to dose (via the use of an optical 
density to dose calibration curve, see section 5.2, where one sheet of 
film was used in section 3.2.c and for obtaining the calibration curve) 
and  
• Step 4: normalisation of absorbed dose to the central axis.  
The darkened room produced a background reading of 0 GSV and 
consequently can be ignored. GSV to OD conversion was carried out by 
obtaining the logarithmic ratio of the incident diffused light intensity (or 
incident light GSV) to light intensity transmitted through the film (or film GSV), 
see section 2.3: 
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where the correlation between light intensity and GSV can be made provided 
the camera was operated under non-saturation condition, see section 3.2.b. 
The resultant optical density at a point (i, j) on the film, where i and j refers to 
the horizontal and vertical co-ordinates of the film image, is defined to be the 
difference in the optical density of the exposed to unexposed film (Yeo and 
Kim, 2004): 
( ) ),(exp,exp),( jiosedunjiosedji ODODOD −=      
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Only steps 1-2 were carried out for this experiment and the OD was 
normalised to the approximate centre of the radiation field. A profile were 
extracted at approximately central axis of the radiation field, 248 GSV, and the 
result is seen in figure 3.19 where the use of multiple gamma factors in 
different areas of the three digital images cause unrealistic GSV and so 
unexpected results when converting from GSV to optical density and 
unexpected high penumbra when normalising to the central axis (30% higher 
than central axis). Routine quality assurance tests indicate that the linear 
accelerator beam flatness is <2% and the film uniformity (manufacturer’s 
specification) is <1.5%. The “ring” is not due to the linear accelerator or 
uniformity of the film. Additionally the non-linearity in the film calibration curve 
(OD to dose), see figure 5.2, will not cause a 30% high penumbra region as 
the calibration curve is fairly linear between 0.31 to 0.4 OD.  
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Figure 3. 19 GAF EBT open profile showing 30% higher penumbra compared 
to central axis 
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To determine whether it was possible to remove the “ring” effect, the above 
experiment was repeated with another sheet of GAF EBT (batch # 35146-
003AI) using a camera that is capable of storing raw digital images (CANON 
Powershot G5). The result is seen in figure 3.20 which show the beam profiles 
as measured by film compared to those using a 6 mm diameter ionisation 
chamber, called CC13 (available from IBA Dosimetry, where “CC” refers to 
the CC13 being a compact chamber and “13” to the measurement volume 
0.13 cm3 [IBA Dosimetry, 2007]), mounted on a water tank phantom and is 
able to acquire data in three dimensions (length, width and depth) (commonly 
referred to as a scanning water tank). It should be noted that considering the 
noisier profile, the film profile agree with those from a water tank and hence it 
can be concluded that the “ring” effect is due to image processing in the still 
digital camera.  
 
The “ring” effect needs to be taken into consideration when the camera is 
used for dosimetry either via correcting for the non-linear effect (difficult as 
information on linearity of camera response is difficult to obtain) or capturing 
images in raw format mode (subsequent film dosimetry experiments in 
chapter 5 will be carried out using raw format). 
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Figure 3. 20 Open beam profile as measured with GAF EBT and CC13 
(ionisation chamber)  where film images were captured in raw 
format 
 
 
3.3 Conclusion 
In section 3.1, four LED characteristics were investigated, these includes 
current flow in the LED circuit with applied voltage, LED luminosity with 
applied voltage and current, LED batch uniformity and LED viewing angle with 
single and double diffusers in between the LED and digital camera. From 
results presented in section 3.1, the following conclusions can be drawn. 
Firstly, the LED used in this project produced a current flow versus applied 
voltage curve, see figure 3.2, which is typical of diodes (see Wilson and 
Hawkes 1998). Secondly, the LED luminosity with applied voltage curve 
produced a steeper gradient than LED luminosity with current flow, see figure 
3.6, and so current is a more useful parameter to adjust when controlling the 
LED output. Thirdly, in a batch of LED L-513VEC there is a one in twenty 
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chance of selecting a LED that responds differently from the rest of the batch, 
see figure 3.7. Fourthly, when two diffusers are placed in between a LED and 
digital camera the LED viewing angle increases due to randomisation of light 
rays as it passes through the diffuser, see section 3.1.c. Placing only one 
diffuser in between the LED and camera does not increase the viewing angle.     
 
In section 3.2, two characteristics of the still digital camera were investigated, 
these includes CCD warmup effects and CCD saturation or “ring effect”. From 
results presented in section 3.2, the following conclusions can be made. 
Firstly, the CCD in the still digital camera does not require warmup time, see 
figure 3.11. Secondly, when the CCD is operated under saturation conditions 
(long exposure time) the camera will capture an artificial white ring around the 
LED, called “ring effect”, and is due to CCD pixel “bleeding” and is not cause 
by the LED, see section 3.2.b and 3.2.c. 
 
Conclusions that were derived in this chapter about LED and CCD 
characteristics will be used in the construction and operation of the RCF 
densitometer. 
 
 
      
 78
 79
Chapter 4: Spreading LED profile 
 
An important characteristic of an imaging based RCF densitometer is 
uniformity in the light source where any slight non-uniformity can be 
accounted for by subtracting a “bare light source” from an image with a film 
sample [quoted from Niroomand-Rad et al, 1998]. This chapter will outline 
experiments that were carried out to broaden the LED profile in the RCF 
densitometer used in this project. This includes: 
1. increasing the diffuser thickness 
2. changing the separation distance between diffusers 
3. changing the colour of the LED holder and  
4. changing the shape of the LED.  
At the time of experimentation, the largest commercially available RCF was 
less than 20x20 cm2 and so the aim of experiments 1-4 was to achieve as 
uniform illumination as possible over this area. 
 
4.1 Diffuser thickness 
To test whether an increase in diffuser thickness can spread the LED profile 
an experiment was set up as per figure 3.3 where the electrical setting is 1.81 
V and 3.1 mA and digital images of the diffused LED were captured with a 3 
mm and then a 6 mm diffuser positioned 17 mm in front of the LED. Profile 
and Excel were used to extract and analyse the LED GSV profiles. 
 
A digital image of a LED without a diffuser in front were not captured as it was 
considered that the profile which will be produced will be similar to a LED 
profile with a 3 mm diffuser in front of the LED. This is due to the digital 
camera capturing the LED profile in the same plane as the diffuser (see 
section 4.1.d). 
 
The results are seen in figure 4.1 where the 3 mm and 6 mm diffuser produce 
profiles with the approximately the same FWHM, 196 and 202 FWHM pixels, 
and the maximum GSV from the 6 mm diffuser is reduced due to attenuation. 
This indicates that an increase in the diffuser thickness does not broaden the 
LED profile. 
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Figure 4. 1 LED emission profile with a 3 mm and 6 mm thick diffuser  
  placed in front of the LED  
 
 
 
4.2 Separation distance between diffuser and light detector 
From section 3.1.d it was seen that diffusers increase the LED viewing angle 
and in order to illuminate a square of 20x20 cm2 (desired area for RCF) the 
distances between the various components in the RCF densitometry system 
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need to be determined: light source and first diffuser, first and second diffuser 
and second diffuser and light detector. Below are the details of experiments 
which were carried out to measure these parameters. 
 
To determine the optimal distance between the light source and first diffuser 
an experiment was set up as per figure 4.2 where the camera and diffuser are 
fixed and the LED holder is mounted on a motorised driverviii. As the LED is 
manually moved away from the diffuser (5-100 mm) an image of the diffused 
image is captured and the electrical and camera setting is kept constant. 
Testing was not carried out at distances substantially greater than 100 mm as 
it becomes impractical in the final RCF densitometer. Profiles and Excel were 
used to extract and analyse the GSV profiles.  
 
 
 
 
Figure 4. 2 Set-up for measuring variable separation distance between first 
diffuser and LED  
 
 
                                                 
viii The movement in this driver is accurate within ±1 mm. It was removed from an old water 
tank phantom (designed with accurate tolerances for the purposes of beam scanning) and 
has a 1 mm resolution ruler attached to its side.    
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Results are seen in figure 4.3 where each GSV profile has been normalised to 
235 GSV (maximum GSV at separation distance of 5.5mm) in order to 
compensate for reduction in LED brightness due to increase in separation 
distance between the LED and camera. This normalisation enables 
assessment of the extent that separation distance between LED and the 
diffuser have on profile broadening and flattening. It can be seen that the 
maximum broadening (flattened peak) that can be achieved at 100 mm is: 
 
mm
mmpixels
pixelsareaflat 3.9
/9
250334 =−=  
 
 where the 97 % penumbra was considered and a conversion of 9 pixels/mm 
were used (obtained by placing a scale on the diffuser and capturing a digital 
image of the diffused light with this scale in the FOV). This is inadequate for 
dosimetry.   
 
To determine the optimal distance between the first and second diffuser, the 
previous experiment was repeated whereby the second diffuser and camera 
were kept in the same position (separation distance was 295 mm) while the 
LED with the first diffuser (separation distance of 17 mm) attached to its 
holder was moved away from the second diffuser (see figure 3.9). The 
separation distances were 1-100 mm. For each digital image, a check was 
made that the green and blue channels were not saturating and that the 
camera was operating in the linear region (see section 3.2.b). Results from 
this experiment are seen in figure 4.4 where a red filter was applied to the 
digital image and flatness was determined over the umbra and 90% 
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penumbra regions of the LED profile (see glossary). It can be seen in figure 
4.4 that a flatness of 11% over a 20 x 20 cm2 illumination area can be 
achieved at 100 mm separation where flatness is defined as: 
 
%100×⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=
GSVMax
GSVMinGSVMaxFlatness   
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Figure 4. 3 LED profiles measured with increasing separation distance 
between the first diffuser and LED. Profiles are normalised to 
235 GSV (maximum GSV at separation distance of 5.5 mm) 
 
 
 
 
The optimal separation distance between the second diffuser and camera was 
determined by assessing whether the camera FOV could capture the diffuser 
area. By the use of the camera LCD it was determined that a distance of 300 
mm between the camera and second diffuser can result in adequate 
coverage.  
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Figure 4. 4 LED Profiles with increasing separation distance between the 
first and second diffuser where only readings from the red 
channel was extracted from the digital image (red filter applied).  
 
 
4.3 Colour of LED holder  
In order to maximise the intensity of the LED light, experiments were carried 
out in order to reflect the backscattered LED light (light emitted backwards 
from the LED tip) and to determine the effects this has on the diffused LED 
profiles. The set-up for this experiment is seen in figure 3.9 where a black or 
white LED holder was used and the separation distance between the camera 
and second diffuser is 300 mm. In this experiment, the electrical (19.6 mA and 
2.1 V) and camera setting were kept constant and an image of the diffused 
LED was captured using a black and then white holder. These steps were 
repeated at several diffuser separation distances 25, 50, 75 and 100 mm. 
Profiles and Excel were used to apply a red filter and extract and analyse 
GSV data.  
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Results can be seen in figure 4.5 where profiles using a white LED holder are 
broader and flatter in comparison to those using black LED holder. This is 
seen as increased GSV (range from 10 to 40 GSV depending on the diffuser 
separation distance) in the penumbra region of the profiles. This result is due 
to differential colour absorption where a white holder reflects more efficiently 
than black.  
 
From figure 4.5, it can be concluded that a white LED holder should be used 
in the RCF densitometer in order to produce a uniform LED emission profile.  
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Figure 4. 5 LED Profiles with black and white LED holder for different 
separation distances between the first and second diffuser. Only 
data from the red channel are shown. 
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4.4 Shape of LED (curve versus flat) 
In chapter 2, it was seen that a domed shaped LED was designed with a 
curved top surface in order to focus the emitted light in a forward direction. To 
determine whether a LED with a flattened top surface will produce a broader 
LED profile an experiment was set up, as seen in figure 3.9, where the 
diffuser separation distance is 50 mm, first diffuser and LED distance was 17 
mm and settings on the electronics and camera were kept constant for the 
duration of the experiment. A flat LED was generated by gently sanding the 
curved top down until a smooth and flat surface is visible. Digital images of 
the two diffused LED were captured and Profiles and Excel were used to 
extract and analyse the GSV profiles. 
 
Results can be seen in figure 4.6 where the flat top LED produces a slightly 
flatter profile than the curved top (3-5 GSV flatter penumbra for flat top LED) 
and the maximum GSV is slightly reduced (maximum GSV for flat top LED is 
5 GSV less than curve top). Reduced peak GSV is due to the absence of the 
curved top that directs light in the forward direction via refraction effects at the 
top of the LED. The penumbra region is flatter due to refraction effects on the 
side of the LED that direct light rays to this region of the profile.  
 
From figure 4.6, it can be concluded that a flat top LED should be used in the 
RCF densitometer in order to produce the most uniform LED emission profile. 
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Figure 4. 6 LED Profiles using a flat and dome/curve shape top 
 
 
4.5 Conclusion 
In chapter 4, four experimental methods were investigated to see what effects 
they have on the LED profile. This includes increasing the diffuser thickness, 
changing the separation distance between the LED and first diffuser and 
distance between the first and second diffuser, changing the colour of the 
LED holder and changing the shape of the LED plastic housing. From results 
in chapter 4, it can be seen that increasing the diffuser thickness and 
increasing the separation distance between the LED and first diffuser does 
not spread the LED profile. Additionally, increasing the separation distance 
between the first and second diffuser, having a white LED holder and having a 
flat shape LED does spread the LED emission profile to the extent that over a 
20x20 cm2 illumination area a 11% profile flatness (as defined in section 4.2) 
can be achieved (over the umbra and 90% penumbra region).      
0
50
100
150G
SV
200
250
300
 
Flat Top
Curve
Top
100 200 300 400 500 600 7000
pixel
 87
Chapter 5: RCF Dosimetry Measurements 
 
This chapter will outline the dosimetry part of this project and will detail the 
design and manufacturing of a custom-made RCF densitometer and use of 
this densitometer to read RCF calibration and beam profiles (open and virtual 
wedge). 
 
5.1 RCF densitometer 
Results from chapter 3 and 4 were used to design and build a custom-made 
densitometer where knowledge of LED and still digital camera responses 
under different conditions were used to set the optimal electrical and camera 
settings and knowledge of methods for spreading the LED profile were used 
to average differences in the densitometer in order to obtain a uniform light 
source. The components used in the RCF densitometer and their separation 
distances are seen in figure 5.1 where the separation distance between the 
first diffuser and LED was 17 mm. It should be noted that a yellow filter 
(supplied by ISP) was placed on the first diffuser in order to filter the LED 
emission spectrum to match the GAF EBT absorption spectrum (Butson et al, 
2005).   
 
5.2 RCF Calibration (6 MeV photon) 
As discussed in chapter 2, conversion of optical density to dose requires a 
calibration curve to be measured. A sheet of GAF EBT (lot # 35146-003AI) 
was cut into 2x2 cm2 squares and each was labelled and the densitometer 
was used to capture a film background image with electrical and camera 
settings: 20 mA and 2.1 V and ISO100 and 0.8 s. Using a Siemens Primus 
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and a solid water phantom each film square was placed at a depth of 1.5 cm 
(depth of maximum dose, dmax, for a 6 MeV photon beam) and was exposed 
to different doses: 0, 0.25, 0.50, 0.75, 1, 1.5,..., 7.5, 8. and 9 Gy where the 
beam parameters were 6 MeV photon, 3 Gy/min, 10x10 cm2 field size and 
100 cm SSD. The squares were left to stabilise for 3 hrs (International 
Speciality Products, 2005). After this period, each square was placed on the 
densitometer in approximately the same position (±1 mm as seen by fiducial 
markers on the densitometer) as when the unexposed film background image 
was obtained. Image J with dcraw plugin and Excel were used to extract, 
smooth (using a Gaussian digital filter where the calculation grid size was 2x2 
mm2) and process GSV data.  
 
A smoothing function was needed as the raw image data had noise due to 
slight non-uniformity in the GAF EBT film, imperfection on the diffuser surface, 
non-functional pixels on the CCD chip in the camera and dust on the diffuser, 
lens of the camera system and film. A Gaussian filter was selected as its 
smoothing function averages data over a calculation grid (Fisher et al, 2003) 
and a 2x2 mm2 grid was selected after determining that the grid size did not 
degrade the shape of the overall raw data trendline. Additionally, the use of 
Profiles in chapter 5 experiments was abandoned due to its inability to read 
raw digital images. Development of this functionality in Profiles is possible but 
is considered unjustifiable considering the existence of free software such 
Image J with dcraw plugin. 
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To convert GSV to dose, the four-step analysis scheme in section 3.2.c was 
used in this section as well as in 5.3. 
 
The measured GAF EBT 6 MeV photon calibration curve is seen in figure 5.2 
and is plotted with those obtained by Butson et al (2005). It can be seen that 
there is no abnormality in the shape of the measured calibration curve (see 
chapter 2) and is similar to results from Butson et al where differences in 
calibration curves are due to Butson et al using a more sensitive RCF 
densitometer than that used in this project. Additionally, it can also be seen 
that the measured calibration curve using the customised RCF densitometer, 
“CANON G5”, is less sensitive than the “Butson et al 636nm” curve due to 
differences in densitometer emission wavelength (customised densitometer 
has a peak wavelength of 625 nm, see section 3.1.a). This means that there 
is a slight mis-match between the densitometer light source emission and 
RCF peak absorption (632 nm, see chapter 2). The same reasoning can be 
applied to the “Butson et al red ave” and “CANON G5” curves where the 
customised densitometer light emission is closer to the film peak absorption 
and hence more sensitivity is seen in figure 5.2.       
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Figure 5. 1 Photograph of custom-made RCF densitometer with SONY  
  camera, diffusers, LED and rigid frame.  
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Figure 5. 2 Calibration curve for GAF EBT, 6 MeV photon 10x10 cm2, 10 cm 
SSD at dmax 
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5.3 Beam profiles (open and virtual/dynamic wedge) 
Using the same EBT sheet as those in section 5.2, strips of 2x20 cm2 RCF 
were cut and background film images were obtained using the same electrical 
and camera settings as in section 5.2. Using the same beam, machine and 
phantom set-up as in section 5.2 a RCF strip was exposed to an open beam 
of 2 Gy. After 3 hrs (ISP publication on GAF EBT indicates a post irradiation 
time of >2 hrs for polymerisation to reach close to saturation [International 
Specialty Products, 2005]), a digital image of the RCF strip was obtained and 
analysed using Image J (a Gaussian filter of grid size 4x4 mm2 was used) and 
Excel. The above experiment was repeated for virtual wedge angles of 150 
and 600 (vw150 and vw600). The calibration curve in section 5.2 was used to 
convert OD to dose and each profile was normalised to the central axis.  
 
Results can be seen in figure 5.3 where the measured profiles were 
compared with those obtained using a scanning water tank and 6 mm 
diameter compact chamber, CC13,  (to measure open beam) and linear array 
of CC13 (to measure virtual wedge). It can be seen in figures 5.3a, 5.3b and 
5.3c that there is an overall agreement between the profiles measured by film 
and CC13 chamber(s).  Slight differences in the umbra, penumbra and “tail” 
regions are discussed below.   
 
In the umbra regions, the film and chamber data agree within ±3.2 %, ±3.0 % 
and ±4.1 % for the open, vw150 and vw600 profiles respectively. These results 
are comparable to those obtained by the Paelinck et al (2007) and Fiandra et 
al (2006) groups. Paelinck et al reported differences of 2.5 % in film and 
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diamond detector open beam profiles and Fiandra et al showed data which 
had differences of < 5 % in film and diode array virtual wedge 600 profiles. 
Both groups used a desktop scanner to obtain film optical density information.  
 
In the penumbra regions, the film penumbra is larger than the ionisation 
chamber by 1.0 mm. This is due to the linear accelerator having different jaw 
calibration settings at the time of exposing the film and when exposing the 
ionisation chamber(s). Due to limited access to the linear accelerator and 
dosimetry equipment, the film and ionisation chamber data were measured at 
different times. 
 
In the “tail” region, the film showed jaw transmission measurements lower 
than the chambers by 1-2 %. This is due to missing data from the film 
calibration curve at low doses (below 0.25 Gy, see figure 5.2) and so 
conclusion on the accuracy of the film data in this region can not be validated.  
 
It can be seen in the open and virtual/dynamic wedge data that this 
customised RCF densitometer measures data comparable to those obtained 
with ionisation chambers, within ±5 %, and thus this densitometer provides a 
useful and reasonably accurate tool to measure RCF which has been 
exposed to clinical beam(s).   
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 GAF EBT: Coogee, Open, 6X, 10x10, 100cm SSD, dmax
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 GAF EBT: Coogee, vw15, 6X, 10x10, 100cm SSD, dmax
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 GAF EBT: Coogee, vw60, 6X, 10x10, 100cm SSD, dmax
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Figure 5. 3 Beam profile measurements using GAF EBT and ionisation 
chamber(s) mounted in a water tank phantom for an open (a), 
virtual wedge 150 (vw150) (b) and vw600 (c) profile. GAF EBT 
data have been smoothed using a Gaussian digital filter. For (a), 
(b) and (c), the GAF EBT and ionisation chamber profiles have 
errors of ±2 % and ±0.5 % respectively in each absorbed dose 
measurement point and an error of ±1 mm in each distance 
point.  Insets in (a), (b) and (c) shows the difference between 
GAF EBT and ionisation chamber measurements. 
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Chapter 6: Conclusion & Future Work 
 
Based on the results in chapter 3-5, four conclusions can be made from this 
study. They are: 
1. a still digital camera can be used to measure RCF GSV and hence 
absorbed dose provided the camera has the ability to capture and store 
raw images 
2. a single super bright commercial LED has sufficient intensity and 
uniformity for RCF dosimetry provided appropriate emission spreading 
mechanisms are set up (use of diffuser, coloured LED holder, flatten 
the top of the LED and diffusers placed at a certain distance from the 
other densitometer components) 
3. a film analysis software is needed which can read and extract GSV 
data from raw digital images 
4. before constructing such a densitometer tests should be carried out in 
order to obtain the optimal electrical (applied voltage and current flow 
in the LED circuit) and camera (shutter speed, ISO and zoom) settings 
as each type of LED and still digital camera have different responses to 
those used in this study 
 
Overall it can be concluded that a ROMP is able to construct a functional RCF 
densitometer with equipment readily available to them, such as a digital 
camera, LED, regulated power supply and rigid mechanical frame. ROMPs 
wishing to establish a RCF program now have the option of building their own 
without the need of purchasing expensive commercial RCF densitometer. 
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This may mean a further utilisation of RCF in the future as this dosimetric 
option is available to them. 
   
Suggestion for further work on this densitometry system includes the 
following: 
1. increasing the size of the illuminated diffuser (in this project, the 
densitometer was constructed with an illumination area of 20x20 cm2 
which was considered adequate for non-GAF EBT films as each film 
sheet was less than 20x20 cm2)  by testing for the optimal separation 
distance between the first and second diffuser. Perhaps a matrix of 
LED may be necessary. GAF EBT was one of the first commercial 
RCF to have a larger size than previously supplied. 
2. developing Image J so that it can automatically process GSV data 
(accept film calibration curves and apply it to measured RCF data) 
instead of using Excel to carry out manual calculations 
3. improving the method of placing films on diffuser in a reproducible 
position 
4. using this densitometer for other radiotherapy applications: TSET, 
IMRT and IGRT 
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Appendix A 
 
 
KERMA and Absorbed Dose 
In photon beam interactions, three situations exist whereby energy is 
transferred from a photon to a charged particle via kinetic energy 
(photoelectric effect, Compton scattering and pair production). KERMA 
(Kinetic Energy Released per unit Mass is the amount of energy transferred to 
the medium denoted by: 
 
dm
dEK tr=  (J/kg)   
 
Where K = Kerma 
  Etr = energy transferred to the medium 
  m = mass of a certain volume       
Another term commonly used in radiotherapy is absorbed dose which is the 
amount of energy absorbed per unit mass of the irradiated material, denoted 
by: 
 
dm
dED ab=  (J/kg) 
 
Where D = absorbed dose 
  Eab = energy absorbed in the medium 
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When a medium is irradiated with a photon beam, the amount of dose 
absorbed may not necessarily equal the KERMA due to energy being carried 
away via Bremsstrahlung production. 
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Glossary 
 
American Association of Physicist in Medicine (AAPM) The AAPM is a 
“scientific, educational [, non-profit] and professional organisation” which aims 
to “promote the application of physics to medicine and biology, encourage 
interest and training in medical physics and related fields” through the 
publication of “scientific journal (Medical Physics), technical reports, and 
symposium proceedings” [quoted from AAPM website 
http://www.aapm.org/org/, accessed 15 July 2006].  
 
Australian Radiation Protection and Nuclear Safety Agency (ARPANSA) 
ARPANSA is an agency of the Commonwealth of Australia, funded through 
the Department of Health and Aged Care. Refer to the ARPANSA website for 
further information, www.arpansa.gov.au (accessed 2 Dec 2005). 
 
Auto focus  In digital photography, auto focus describes a camera 
mode whereby the settings (focal length, ISO value, shutter speed and zoom) 
are determined by the camera software.   
 
Digital zoom In digital photography, digital zoom describes the 
electronic zooming ability of the camera without any adjustments to the 
camera’s optics. Digital zoom is achieved by cropping the image to a field of 
view of interest and the camera software creates the image by interpolating 
over multiple pixels.  
 
Electron avalanche A term used to describe the process whereby 
“free” electrons in a medium undergo strong acceleration under the influence 
of an electric field and free more electrons in the process (via the process of 
collision ionisation with the medium’s atoms) (Wilson and Hawkes, 1998). 
 
Electron equilibrium In radiotherapy dosimetry, electron equilibrium 
describes a situation whereby an irradiated volume has equal number of 
electrons entering and leaving that volume.   
  
F stop In digital photography, F stop indicates the width of the shutter 
where the magnitude is inversely proportional to the width.  
 
Field of view (FOV) A term used to describe an area which is visible to 
the observer. 
 
Image Guided Adaptive Radiotherapy (IGART) Image guided adaptive 
radiotherapy (IGART) is a branch of IGRT whereby the patient, machine or 
treatment plan is moved or adjusted immediately prior to treatment in order to 
meet the goal of radiotherapy. Target volume movement may occur after 
initial scan(s) (CT/MRI/positron emission tomography, PET) are taken for 
planning purposes and may be due to variation in daily set-up, tumour 
changing size and patient motion (see AAPM Summer School Proceedings, 
2006 for further information). 
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Image Guided Radiotherapy (IGRT) Image guided radiotherapy (IGRT) is 
a term used to describe a method of radiotherapy whereby the target volume 
is imaged immediately prior to treatment. This may involve internal/external 
markers and in-room imaging devices (such as CT, ultrasound and magnetic 
resonance imaging, MRI). The aim of IGRT is to ensure the delivery beams 
adequately cover the target volume and minimal adjacent healthy tissues are 
exposed to these beams (see AAPM Summer School Proceedings, 2006 for 
further information). 
 
Intensity Modulated Radiotherapy (IMRT) Intensity modulated 
radiotherapy is a mode of radiotherapy treatment delivery whereby the 
intensity of the radiation is modulated in order to optimise the treatment 
delivery. This involves multiple, small beamlets of radiation. 
 
International Commission on Radiation Units and Measurements (ICRU) 
The ICRU is a non-profit non-government international advisory body 
consisting of volunteers from the scientific community where funds are 
obtained through donations. The organisation is involved in “collecting and 
evaluating data and information” relating to radiation measurements and 
dosimetry and which “recommends acceptable values and techniques for 
current use” [quoted from ICRU website, http://www.icru.org, accessed 1 Dec 
2005].  
 
ISO value In digital photography, the ISO value represents the sensitivity of 
the “film” where the magnitude is proportional to the CCD sensitivity.  
 103
 Linear accelerator  Radiotherapy linear accelerators are treatment 
units which accelerate charged particles to high speeds (and hence high 
energies) though the use of waveguides. The radiation beam (either electrons 
or photons) are used to destroy cancerous tumours. 
 
Optical zoom In digital photography, optical zoom describes the 
zooming ability of the camera’s lens.  
 
Penumbra   In radiotherapy, penumbras are regions 
surrounding the flat central umbra region of a profile. 
 
 
Raw images  In digital imaging, “raw images” is a term used to describe 
digital images which have not been compressed or processed. The images 
penumbra umbra penumbra
90% penumbra 
“tail” 
 104
are created from signals recorded by each light detector or photosensor on 
the CCD or CMOS chip.    
  
Shutter speed In digital photography, shutter speed describes the speed 
at which the shutter opens and shuts where the magnitude is proportional to 
the length of time the light detector is exposed to light. 
 
Source to surface distance (SSD) A term commonly used in 
radiotherapy which refers to the distance between the radiation source and 
the surface of the irradiated material. 
 
Tomotherapy Tomotherapy is a treatment modality where the source 
rotates around the patient delivering radiation in a spiral manner (similar to a 
computerised tomography, CT, scanner) (for further information see 
http://www.tomotherapy.com/, accessed 31 Dec 2005). During this process, 
detectors positioned opposite to the radiation source record the transmitted 
radiation and a reconstruction of the treatment volume is generated. 
 
Virtual/dynamic wedge Virtual/dynamic wedge is a term used to describe 
an option in linear accelerators whereby a wedge profile is produced in the 
patient or phantom by modulating the radiation defining jaw speed as the 
radiation is switched on and/or dose rate. Virtual and dynamic wedge refers to 
wedge profiles in Siemens and Varian linear accelerators.     
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Virtual/dynamic wedge angle Virtual/dynamic wedge angle refers to the 
angle which is produced by a wedge profile. Generally, the virtual/dynamic 
wedge angle,α, is defined by Australian/New Zealand Standards 4434.1 
(1996) where F refers to the radiation field size and the standard 
measurement depth is 10 cm (approximate position of the centre of the 
tumour, see Australain/New Zealand Standards, 1996 fir further details). 
 
α
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